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Abstract: Super performance InGaP/GaAs heterojunction bipolar transistors ( HBTs) with hexagonal emitter are

described. T he fabricated HBT shows excellent DC characteristics with low Ve offset voltage (< 0. 15V) and low

knee voltage (< 0.5V).Over 14V of the collector-base breakdown voltage BV cuo and over 9V of the collector-emit—

ter breakdown voltage BV cro are obtained. For a self-aligned InGaP/GaAs HBT with 2um X 10um emitter area, the

f1is extrapolated to 92GHz and f we is extrapolated to 105G Hz. T hese great values are obtained due to the hexago-

nal emitter and laterally etched undercut (LEU) of collector. indicating the great potential of InGaP/GaAs HBTs

for high-speed digital circuit and microwave power applications.
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1 Introduction

AlGaAs/GaAs heterojunction bipolar transis—
tors (HBT) with high efficiency and good linearity
are great in wireless communication field. Howev-
er, InGaP/GaAs HBT has recently received consid—
erable attention because of its potential advantages
over AlGaAs/GaAs HBT. The larger valence band
discontinuity ( AEv=0. 24eV ~ 0. 30eV) " will im-
prove the efficiency of carrier injection; and the
smaller conduction band discontinuity ( AEc =
0.03eV)"” will eliminate the need for heterojunc—
tion grading and ease the materials growth. The
lower reactivity of InGaP with oxygen'”, fewer
trap—related DX centers with respect to AlGaAs'",
and the higher etching selectivity between InGaP

and GaAs are advantages, with which excellent RF
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performances of InGaP/GaAs HBT have been
demonstrated ™.

In order to apply InGaP/GaAs HBTs to high—
speed digital circuit and microwave power applica—
tions, self-alignment techniques and scale reduction
for device are required'”. Several kinds of self-
aligned emitter and base HBTs have been reported,
including sidewall-separated base electrode struc—
ture'™, dummy dielectric emitter'”’, T -emitter con—
tact'"”’, and crystal orientation etching''"'. This last
technique is attractive because it requires no special
steps of process and has no ion-induced damages.
However, the etching of rectangle emitter is
anisotropic in nature making the profile of a mesa
hill to depend on the wafer crystal orientation, so
that over-etching is usuallv reauired to ensure elec—
tric isolation of emitter and base surrounding it. As

a result of thumb, a lager space between emitter
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and base Ohmic contact will deteriorate RF charac-
teristics of HBT . Using hexagonal emitter, we can
precisely control separation of base-emitter metal
according to undercut of emitter contact.

In the present work, we propose a novel In—
GaP/GaAs HBT with hexagonal emitter and later—
ally etched undercut (LEU) of collector. A 92GHz
of current gain cutoff frequency fr and over
100GHz of a maximum oscillation frequency f wa
have been achieved from the device with 2um X

10um emitter area.

2 Device fabrication

The InGaP/GaAs epitaxial layers were grown
by MOCVD on a semi-insulating GaAs substrate
with 4-inch-diameter. T he key features of the epi-
taxial structure were a S0nm InGaP emitter (n= 3
X 10"em™ %), a 60nm C-doped base (p = 4 X 10"
em” 7)), and a 500nm GaAs collector (n= 3X 10"
em” 7). The base sheet resistance was 240Q/0].

The epitaxial layer structure used for the device

fabrication is listed in T ablel.

Table 1 HBT epitaxial layer structure
Thickness Doping
Layer x Dopant
/nm Jem™? |

n* An:Gai- «As 0.6 50 > 1X10% | Sj
n' An:Gai-«As | 0.6~ 0 50 > 1X10% | Sj
n* -GaAs 120 5X10% | si
nn:Gai- <P 0.5 50 3x10" Si
p" GaAs 60 410" C
n-GaAs 500 3x10'° Si

n' -GaAs 500 5x10" | si

S1 GaAs substrate

A cross-sectional view, presenting a device
structure with LEU of collector, is shown in Fig.
1. Self-aligned HBT devices in a standard two-mesa
design were fabricated using contact alignment,
standard lift-off techniques for metalizations, and
all wet chemical etching. A TiPtAu emitter contact
was used to mask the emitter etch. The InGaAs/
GaAs emitter cap was etched in a citric acid-base
solution, which stopped on the InGaP emitter and

undercut the emitter contact. The InGaP emitter

was then selectively etched using mixed solution of
HCI and HsPOs. Self-aligned TiPtAu base contacts
were then deposited by e-beam evaporation, the

width of base Ohmic contact was 1. 2um.

InGaP  Emitter
Base Base
Collector
LEU— n"collector | s
l n”subeollector I
| SI GaAs |
Fig. 1  Cross section ol self-aligned InGaP/GaAs

HBT with LEU of collector

of GaAs is

anisotropic in nature makes etching profile depend

That wet chemical etching
on crystal orientation. Figure 2 shows how the
mesa profiles are etched with respect to different
orientation. {10) orientation etching of GaAs usu-
ally forms a hillside-slope profile as etched in citrie
acid-base solution. It is easy to lead to short of
emitter-base when depositing self-aligned base con-

{10} ori-

entation etching of GaAs can be avoided. As a re-

tact. Because of hexagonal emitter used,

sult, the hexagonal emitter ensures that an ade-
quate self-aligned etching can occur on all sides of
the emitter electrode, so that base metal can be de-
posited on all sides of emitter without over-etching
required. The effective emitterto-base spacing can

be precisely controlled from 0. 2ym to 0. 3um.

<110
7 ] %
s IS
Fig. 2 Crystal orientation etching of GaAs The

hexagonal emitter can avoid 110) orientation etch-

ing.

Consequently, the base electrode was used to
mask the self-aligned base-collector etching. The

etchant was the citric acid-base solution. In this
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step, the structure of LEU for reducing Crc was si-
multaneously formed. The undercut was about
0.5um. The AuGeNi/Ag/Au collector was then
defined and Ohmic contact was alloyed at 350°C for
60s in N2 atmosphere. Finally. the HBT fabrication
flow was completed with mesa-isolation, device
passivation, polyimide planarization, and TiAu met—
alization for cascade probing. The optical micro-
scope photograph of InGaP/GaAs HBT is shown in
Fig. 3.

Fig. 3
GaAs HBT with hexagonal emitter

Optical microscope photograph of InGaP/
Emitter size is
2um X 10pm: width of base Ohmic contact is 1. 2pum:
LEU of collector is about 0. 5um

3 Results and discussion

The DC characteristics of InGaP/GaAs HBT
were measured by direct probing on the wafer us-
ing HP4155 parameter analyzer. Common-emitter
current gain hre dependence on the collector cur—
rent, for the fabricated HBT with 2pm X 10um
emitter area, is shown in Fig. 4. It can be seen
from Fig. 4 that the fabricated HBT delivers a very
high current gain over a wider collector current
range, peak current gain is over 100, and the
threshold current density of Kirk effect is approxi-
mately 100kA/em”. Especially, HBT devices still
exhibit current gain of about 40 at very low collec—
tor density (Jc= 1A/cm’). These results suggest
that both generation-recombination current in the

intrinsic base region and surface recombination

current in the extrinsic base region are negligibly

small.
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Fig. 4 Current gain as a function of collector cur—

rent for HBT with 2pm X 10pgm emitter area

The common-emitter /c—V ce characteristics for
a fabricated HBT with an emitter area of 2um X
10um are shown in Fig. 5. The over 80 of DC cur-
rent gain is obtained. The Ve offset voltage is
about 150mV and knee voltage is about 0.5V at
collector current of 16mA. The over 14V of collec-
tor-base breakdown voltage BV o and the over 9V
of collector-emitter breakdown voltage BVcro are
obtained. The negative slope in IV curve is caused
by device self-heat effect, which will give rise to

the current gain decrease.

| 7,=0to 180 pA in 20 pA step

I /mA

Fig.5 [ITc—Vce characteristies of fabricated HBT with

2um X 10um emitter area

We investigated the high frequency character—
istics of fabricated HBTs using on-wafer probe S-
parameters measurements ( by HP8510C network
analyzer and Cascade microwave probes). The fre—
quency dependence of the small-signal current gain

and unilateral gain for a HBT with an emitter area
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of 2um X 10um is shown in Fig. 6. The measure-
ments were carried out at a collector-emitter bias
voltage of 1.5V and a collector current density of
90kA/cm’. The fr and fuwe as estimated from
- 20dB/dec
92GHz and 105GHz. Comparatively, a conventional

extrapolations, were respectively
InGaP/GaAs HBT with rectangle emitter was mea—
sured at a same bias, an f'v of 83GHz and an [ ws of
69GHz were obtained. The higher v and f wa of the
novel HBTs with the hexagonal emitter and LEU
of collector were due to the reduction of the base—

collector capacitance Cic and base resistance Rs.

1 10
[IGHz

Fig. 6
fabricated HBT at Vee= 1.5V. Je= 90kA/em’

| k21| and U as a function of frequency for

The
; . 2 .

dashed lines are extrapolations of | 21| *and U with a

- 20dB/dec slope.

The dependence of fr and f we on the collector
current density is shown in Fig. 7. Decrease of the

/1 and f we beyond Je= 90kA/em’ is attributed to

5S¢ =2pmx10pm fou
100} Ves=15V
=
g
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Fig. 7 frand fw versus Jc of fabricated HBT with

hexagonal emitter at Vee= 1.5V

the increased collector transit time due to the Kirk

effect. The novel InGaP/GaAs HBTs have been

successfully applied to 10GHz electro-absorption
modulator (EAM ) driver in DWDM fiber-optic

telecommunication systems.

4 Conclusion

We demonstrated super performance InGaP/
GaAs HBT with hexagonal emitter and LEU of
collector. The fabricated discrete devices showed
excellent DC characteristics with low Vce offset
voltage (< 0.15V) and low knee voltage (<
0.5V). The over 14V of collector-hbase breakdown
voltage BVeeo and over 9V of the collector-emitter
breakdown voltage BV cro were obtained. For a self-
aligned InGaP/GaAs HBT with 2um X 10pum emit-
ter area, the f v was extrapolated to 92GHz and f ma
was extrapolated to 105GHz. T hese results indicat—
ed the great potential of InGaP/GaAs HBTs for
high-speed digital circuit and microwave power ap-
plications.
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S ERENIB A HT R InGaP/GaAs F R4 R E Bk E

XIHEN] BN s RER
(P EEEER RO FrhL, dEst 100029)

T NI IR FLAUE InGaP/GaA s 5045 JLAT U0 St 1) B AN G0 1 . % F R S BRI B8R 200m X 10pm (1)
S U Y SRS, Ve MBS HL AN T 150mV, I AHUE R 0.5V (Te= 16mA), BVero KT 9V, BVeso X T 14V, 4%
TIEAR AR 8 926G Ha, f5 #0435 BEE 3 105G Hz. XS0 57 (M HEGE TR 4 InGaP/GaAs HBT 7E 1 0 38 H 7 iy 2%
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